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The cytotoxic action of near-ultraviolet (UV A) radi-
ation on cultured mammalian cells is dependent 
upon oxygen, suggesting that reactive oxygen species 
are involved in the cellular action of the radiation. 
Flavius are thought to he an important chromophore 
for photo-induced skin injury. Irradiation of ribofla-
vin with UV A radiation is known to produce singlet 
oxygen, superoxide anions, and triplet-state ribo-
flavin radicals, which, however, are immediately 
quenched by many constituents of the human skin. If 
the chemical produces a long-lived reactive oxygen 
species, hydrogen peroxide (H2 0 2), after UV A radia-
tion, its deleterious effect is not limited to its gener-
ation site. Thus, we investigated whether H 2 0 2 is 
F ree radical formation occurs in u ltravio le t (UV)-irradi-a ted skin, and a great amount of circumstantial e vide n ce stron gly suggests the respo nsibility o f fi·ee radical s and/ or reactions initiated by them for som e o f the dele te rio us effects o f UV radiation upo n skin (1 ,2). 
Th e cy to toxic action of n ear-UV (UVA, 320-400 nm) radiation 
on cul tured mamm alian cells is stro n g ly d e pende n t upo n oxygen , 
meanin g that reactive oxygen species a re in vo lved in th e cellular 
action of the radiation (3). Hydrogen perox ide (H 2 0 2 ) is fo rm ed b y 
th e UV A photo-oxida tion of several intrace llular compon ents 
(4,5). Although H 2 0 2 h as b een implicated in th e le thal actio n o f 
UV A on b acte rial and mammalian cells ;, J' il.ro, the rea l re lationship 
b e tween H 2 0 2 ge nera ted by UV A and UV A le thality is not clea r 
[6,7] . In human skin , possible endogenous chromo pho res [8) for 
gen e rating reactive o xygen species m ay come fro m circulation . 
Altho u gh the con centra tion o f riboflavin in norm al human whol e 
bl o od is as low as 0.2 f.Lg/ml [9], its total amo unt is ra the r high . 
I t h as b een discovered that in the presen ce o f UV A radia tion, 
riboflavin is le thal to cell s in culture [10-1 2], and the le tha lity of the 
irradiated ribo fla vin solutio n rem ains fo r a limited time afte r 
irradiatio n o f riboflavin [11 ]. There are al so sugges tio n s tha t H 2 0 2 
is gen erate d by irradiation of ribofl avin [ 13,14]. T he present study 
foc used on the possible Long-l asting le thality of irradiate d ribofl a-
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produced in UV A-irradiated riboflavin solution and 
whether it plays an important role in the cytotoxic 
action of the solution. The solution showed a marked 
cytotoxic effect when placed on human fibroblasts, 
and cytotoxicity was retained in the solution for a t 
least 40 min after radiation. Most of the toxicity 
appeared to be derived from H 2 0 2 produced in the 
solution, because the solution lost its cytotoxicity as a 
result of catalase treatment, and the resultant resto-
ration of survival was almost complete. Under our 
conditions, two molecules of riboflavin were calcu-
lated to produce one molecule of H 2 0 2 after UV A 
radiation . Key words: pllotoseusitizatiou!catalase. J I11vest 
D ermatol 105:608-612, 1995 
vin . Thus, the purpose of th.is study w as 1) to see whether the 
irradi atio n o f ribofl av in solution pro du ces H 2 0 2 , 2) to m easure 
h o w mu ch H 2 0 2 is produced , and 3) to es timate the re lative 
impo rtan ce o f H 2 0 2 in the lethality. 
MAT ERJ ALS AND METH O DS 
Cells and Cell Culture Two human fi broblastic ce ll lines fro m the skin 
of a healthy subject (N220S) and a patient with hyd roa vacciniforme 
(1-IV'I OS) were initiated in o ur labora tory [1 5, 1. 6]. Group A xeroderma 
pigmcntosum fibroblas ts (X P330S) were provided by the Japanese Cancer 
R esearch Resources Bank, Tokyo. T he cell s were routinely cul tured at 
37°C in a humidified am1osphere (1 O'Y" C02 in ai r) in Dulbecco 's modi fied 
minimum essentia l medium supplemented with 20'!1,, bovine serum (regular 
medium) . For co lony formation, cells were plated into 35-mm dishes at 
cloning densities (60 - 4000 cells/di sh) . Colonies were stained with Giemsa 
solution and coun ted under a microscope [1 7-1 9]. 
Riboflavin Solution T he ribofl av in stock solu tion, pl-1 5.2- 6.2 (Toa-
eiyo, T okyo; 12.7 mg of riboflavin sodium phosphate [1 0 mg as ribofl avin]. 
20 mg of glucose, I 0 mg of glycerine, 0. 77 mg of sodium succ inate, 0.53 mg 
of succinic acid , and 7 mg of benzylalcoho l in 1 ml of distilled water) was 
kept in brown an1p ul cs and aw ay fro m Ught. T he stock solu tio n w as di]u [cd 
in phosphate-buffered sa line conta ining Ca""+ , Mg++, and glucose (PBS+; 
8.0 mg of sodium chloride, 0.2 mg of potass ium chloride, 0.2 mg of calcium 
chloride, 0.1 mg of magnesium chloride, 0.05 mg of sodium phosphate, 
monobasic, and '1 .0 mg of glucose in 1 ml of distill ed water, pH 7 .4) j ust 
before usc. 
Cytotoxicity of Riboflavin The highest concentration o f riboflavin d1ar 
docs not affect the co lony-forming ability o f fibroblasts was detem1ined. 
Four hours after N 220S cell s were plated into di shes, the medium was ' 
re placed \Vi th regul ar n1ediun1 containing ribo fl avin at vari o us con centra-
tions (from 0.1 to 1,000 f,Lg/ml) . T hree days later , the medium was changed 
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and riboflavin was n1aintaincd at the sa rnc co n ce n tratio ns. Seven days la ter . 
the c ul ture s \·vcrc fixed and sta ined and colo n ies were co unted. The 
concentration o f ribo fl av in was not tox ic at I 00 J.Lg/ml o r less. 
Methods for Treating Cells Afte r ce ll s in culture we re washed with 
phosphate-buffe red saline , 1.5 ml of UVA-irrad iated riboflavin or H2 0 2 
so lution was placed on the cul ture for 2.5-30 min and then rep laced with 
r e gu lar m cdiUin . 
UV A Irradiation C ultures in 35 111111 di:uncter di shes we re placed o n a 
5-mm-thick glass plate and irradiated with UVA lamps (Nippo FL"15BLI3, 
Tok-yo) from the bottom. The plate glass climin;ltcs UV13 (290 - 320 nm) 
radiation I.LS J. The Auence rate of UVA radiation was measured at the top 
surface of the gla ss with a radiometer (UVR 305/3 65, Eisa i. Tokyo). 
Irrad iancc n1casurcd was between 19 :-tnd 32 \.\! / rn 2. Ac tual Huc ncc rate 
incident on the cells was o btained by multiplying the irradiancc by 0. 77 or 
0 .87 (depending on the lot number o f the dishes). T emperature around the 
cultu re dishes was 29-33 °C during irradia tion, which is close to that at the 
surface of human skin [20]. 
A b s orption Spcctrun1 The abso rp tion spectra of riboflav in , lun1ic hro n1c 
(Sigma, St. Louis, MO). and lumiflavine (S igma) were measured with a 
spectrophotometer (Shimadzu UV-265. Tokyo). 
Measurement of Hydrogen Peroxide T he measuremen t of H2 0 2 was 
done acco rd ing to the method ofBoveris t!l n/1.2 1.1 with slight modification 
[22] . Two to fifteen microli ters of ho rseradish peroxidase (HJU') (Sigma) at 
2-10 mg/ ml were seriall y added to I ml of H 20 2 or UVA-irradiated 
riboflavin so lu tion . and the sol u tion was stirred \Vith a Paste ur pipette for 
20 - 60 seconds. Absorb;mce at 400 and 420 11111 or absoqJtion spectra bet\veen 
350 and 450 tun were measured with a specttophotomcter. T he absorption 
peak of 1-UU' shifts fi·om 400 to 420 tun as a result of the formation of 
HRP-H20 2 complex [2 1]. When excess HI{.[> was added to H20 2-containing 
solution, the absorbance at 4 20 nm leveled off or even decreased. The change 
is caused by the rerum of the absorption peak at 420 11111 to 400 nm. T hus, we 
defined the cumulative amount of HRP that had been added before the return 
o f the absorption peak m 420 nm to 400 nm <tS the nuLximum ;~mount of HIU' 
that reacted with H20 2 . 
Catalase Treatment Catalase (Sigma). which specifica ll y decomposes 
H 2 0 2 into wa ter and oxygen, was added to the riboAavin solution at a final 
concentration of 32 U/ ml , and the so lution was mixed gently at room 
temperature for 30 111in . Ca talase- t reated riboflavin solu tio ns were used for 
the measurement of cytotox icity and H2 0 2 concentration. 
Statistics Student t test and lin ear reg ressio n lines \Vcrc used for stati sti cal 
anal ysis. 
R ESULTS 
UVA-Irradiated RJboflavin Solution Is Cytotoxic Ribo flavin 
at 100 ~J.glml was irradiated with UVA at 30 kJ/m 2 and the n 
N220S and HVlOS cells w e re exposed to the solu tio n for 2 .5, 5.0, 
7.5, 10.0, or 12.5 min (Table Ia) . Variables were ch an ged in the 
experiment sh own in Table l11; the c he mica l at the sa me con cen-
tration was irradiated w ith UVA at 2 , 4 . 6 , 10, 20, or 30 kJ/m 2 and 
then the ceUs were exposed to e ach solution for 12.5 min . T he 
survival decreased according to treatment period in Table Ia and 
UV dose in Table I!J. Whe n the variab le was UV dose, the survival 
w as biphasic, presumably b ecause of the biphasic patte rn of ribo-
fl avin decomposit io n. T he sa m e concentration of ribo flavin was 
irradiated with UV A , kept in the dark fo r 0, 20, and 40 min, and 
exposed to N 220S cells. T he surviva l did not diffe r substa n tia ll y 
(data not shown) . T h ese results show that UV A-induced ribo fla vin 
cytotoxic ity remain ed in the solu tion for a t least 40 min afte r UV A 
radiation. Whe n the ce ll s were washe d with phosphate-buffered 
saline five rimes before treatment, survival was n ot signifi cantl y 
different from that o b ta ined with a sing le wash (data not shown) . 
T his m e ans that res idual m edium in c ul ture di sh es had li t tl e effect 
on the cytotoxic ity. T he retention of the toxicity in UVA-irradiated 
riboflavin solution implies the production of the long-Uved active 
oxygen sp ecies H 2 0 2 and/or photopro ducts of ribo fl av in such as 
lumichrom e and lumiAavine. The absorp t io n spectrum of riboflavin 
(pH 7.4) at 100 ~J.g/m l that was irradi ated with UVA at m o re than 
25 kj/m 2 unde r o ur conditions was simila r to that of lumichro m e 
but not to that of lumiflavine (Fig 1). 
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Table I. Cytotoxic Effect of UV A -Irradiated Riboflavin 
Solution on Human Fibroblasts 
Surviva l 
a. T reatment period (min)" 
0 
2.5 
5.0 
7.5 
I 0 .0 
12.5 
b. u v A (kJ! m2 )'" 
0 
2 
4 
6 
10 
20 
30 
N220S % 
100 ± 26.51' 
43.8 :!: 4 .4' 
18.8 :!: 0' 
11.3 ± o. s·· 
8.1 ± 0' 
s.9 ± o·· 
100 ± 28.31' 
50. 0 ± 4.7 
24.0 :!: oc 
26.7 :!: 1.9' 
13.3 ± 0.9' 
8. 5 ± 1.2' 
6.7 ± 0.5' 
HV10S % 
I 00 :!: 5.9 
51.0 ± 7.4 '1 
25.0 :!: 1.5'1 
13 .5 ± 0.9" 
9.3 :!: 0. 1'1 
5.2 :!: 0.2'1 
100 ± 14.8 
36.6 ± 5.3" 
20.9 = o" 
12.7 ± 1.1 '1 
9.3 ± o.s" 
5.5 :!: 0.6'1 
3.8 :!: 0.1 '1 
''Two millilite rs of ribo Aavin at 100 p.g/ ml in each JS-m rn dish were irrarl i:1 tcd with 
UVA ar 30 kj/m' . Cells were exposed to 1.5 ml of the solutiou fo r 2.5. 5.0. 7.5 . I 0.0. 
or 12.5 min ;md were :lll owcd to grow inro colonies. :md surv ival was calcu lated . 
1
' Mean :t SD. 
r Compared with coutrol, p < 0.05 . 
'
1 Com pared with con rrol, p < IJ.025. 
,. Two milliliters of riboflavin at 'I 00 J..Lg/ rnl in each 35-mm dish were irrad intcd with 
UVA at 2. 4. 6. I 0. 20. or 30 kJ / m2 . Cells were exposed to J .5 ml of each solut ion fOr 
12.5 min and all o \vcd to grow into colonies, :1nd survivnl was cnlculatcd. 
Reaction of H 2 0 2 with HRP Is Linear Before the m easure-
m e nt of H~02 in UV A-irradiated riboflavin so lu tion, the linea •·ity 
of the re lationship be tween the con centration of H 2 0 2 and the 
maximum amount of .HR .. P that reacted w ith l-12 0 2 was examined. 
T he linearity was expressed by the foll owing linear regression 
equation : 
Y = 1.528X + 2 1.20 (r = 0.992) , (J) 
where Y is the HRP in IJ.g, X is the H 2 0 2 in n g / ml , and r is th e 
coefri cient of corre lation (Fig 2). . 
Riboflavin at 100 ~J.g/ml was irradiated at 25.3 kj / m 2 and 
a l.iquots of the so lu t ion were serially diluted . Each dilu ted solutio n 
was mixed with HRP, and the m aximum amount ofHRP reacted 
was m easured . T h e re la tionship between riboflavin con cen tration 
and the amount of HRP consumed was a lso lin ea r (Fig 3) . The 
Linea r reg ress io n e quation of the data is 
Y = 0.0688X + 71.06 (r = 0 .976) , (2) 
where Y is the HRP in J.Lg, X is the riboflavin in n g / ml, and r is the 
coefficient of corre lation. 
Catalase Diminishes the Cytotoxicity of Irradiated RJbo-
flavin UVA-irradiated or uninad iated ribo fl avin solu tion s at 1 00 
Table II . Catalase Treatment Diminishes the 
Cytotoxicity of UV A-Irradiated RJboflavin Solution'' 
Surv iva l 
UVA + + 
Catabse + + 
N220S 100 ± 6.2" 11 4.5 :!: 2.1 6.5 :!: 0.8' 87.0 ± 28. 70'1 
HVI OS 100 :!: 0 125.0 :!: 8.4 2 .8 ± 0. 1' 94. 1 ± 2 1.89'1 
XP330S 100 :!: 4.0 111.4 ± 12.1 3 .8 ± 0.7' 8 1.4 :!: 6.06'1 
" Ribolla vin at 100 fLJl l ml was irradiated with UV.A at 0 or 10.2 kj / m 2 and treated 
with or without cata l:tsc at a tina I couccutrat:io n of 32 U/ ml :u roo111 tcmpcrnrurc fo r 
30 min. C ells were exposed for 16 min to riboA:tvin solu tion treated with various 
combi nations o f the trc:mncms, nnd survival was measured . 
11 Mean :t SO. 
' Compared with UVA (- )and catalase( - ) group. p < 0.005. 
'
1 Compared with UVA (- )and catalase( - ) group. p > 0.05. 
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Figure 1. Absorption spectrum of irradiated r iboflavin . rtiboAavin 
at 100 jLg/ml was irradiated with UVA at 0 (c( - )) or 25 .3 kj/rn2 (c( + )) and 
diluted to 1 /J 0. Their absotption spectra were measured and compared with 
d10se of lumiAa~>ine (n) and lumichrome (/1). T he ordinate is in arbitrary units . 
{-Lg/ml wet·e treated · with cata lase , and then untreated cells we re 
exposed to e ithe r of the solu tions fo r 16 min . Catalase treatment 
alm ost comple tely aboli shed the cytotoxicity of the irradiated 
solution (Table II) . Mter at least 100 f.J..g ofHRP was confim1cd to 
react with the UV A-irradiated riboflavin solution, the solu tion was 
Y = 1-528X + 21-20 0 300 
r = 0-992 
........ 200 
/~ Ol 3 a_ a: 100 
::X: 
// 
00 100 200 
H202 (ngjml) 
Figure 2. Relationship between the concentration of hydrogen 
peroxide (H2 0 2) and the m aximum amount of HRP that reacted 
with H 20 2 is linear. l-IRP was serially added to various conccntTations of 
J-1 20 2 solu tion. Fr01n the change in abs01ption spectra, the tnax.in1u m :uno unt 
of HRP reacted (JLg ; sec Mntctinls nud Methods) was measured and plotted as a 
function ofl-1 20 2 concentration (ng/ml). Data from two separate experiments (0 , 6 ) arc included. The fonnula is a linear regression equation and r is a 
coefficient of correlation. p < 0.00 I. 
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Y = 0-0688X + 71-06 
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Figure 3. R elationship between the concentration ofUVA-irradi-
atcd riboflavin solution and the 1naxin1urn an1ount of HRP that 
reacted with hydrogen peroxide in the solution is linear. Riboflavin 
at 100 jLg/ml was irradiated with UVA at 25.3 kj/m 2 • T he solution was 
diJu tcd at various concentratio ns. Then, the n1ax in1U 111 an1o unt of HR . ..P \:vas 
measured and plotted as a function of riboflavin concet1tl:ation (ng/ml). The 
fo rmula is a lin ear regression equa tion and r is a coeffic ient of correlation . 
p < 0.001. 
treated with or with out cata lase, diluted 1:100 (v :v), and tested for 
HRP binding. T he diluted solutio ns with or without cata lase 
treatment reacted w ith 20 and 56 {-Lg of HlU), respective ly. Both 
the di luted and undil u ted riboflavin solu tions that were not irradi-
ated with UV A reacted with 20 {-Lg of HRP. These res ul ts showed 
that most of the cytotoxicity indu ced in i.rradiated riboflavin 
solutio n was derived from l-1 2 0 2 . According to equations l ;md 2 , 
reaction of 56 {-Lg of HRP w ith the solu tion in dicates that the 
solption contained 22.8 ng/ml of 1-1 2 0 2 , and thus the o riginal 
UVA-irradiated riboflavin solu tion con ta in ed 6.7 X 1 o-s M H 2 0 2 . 
The expe t·i.ments were repeated w ith simi lar results. 
H 2 0 2 Is Toxic to Human Fibroblasts Surviva l of cells treated 
w ith l-1 2 0 2 at va rious con centrations for 8 or 16 min (shown in Fig 
4) was concentration- and treatm ent t ime-dependent. Transition 
concentrations for cytotoxic ity were about lO- s and 10_ ,; M when 
f-1 2 0 2 was incubated with human fi broblasts for 8 and 16 min, 
respective ly. In the expet·ime n t shown in Table II, the concentra-
tion of l-1 2 0 2 present in the UVA-irradiated solu tion was 6.7 X 
10 - s M. Surviva l of ce lls treated for 16 min with this concentration 
ofl-1 2 0 2 , the same produced in the experiment shown in Table II, 
was about 5'Yu, very close to that shown in Table II (UV A + and 
catalase - ). 
DISCUSSION 
Irradiation of riboflavin prod uces sing let O")'gen [23] , superoxide 
an ion [24] , and triplet state riboflavin [25]. Several autho rs have 
suggested the production of l-1 2 0 2 after irradiation of riboflavin 
[13,14]. O ur studies indicate that H 2 0 2 was produced in the 
UVA-irradiated riboflavin solu tion; thi s is shown by th e disappear-
ance of the HRP peak at 420 nm after cata lase treatment of the 
UV A-iJTadiated solution. 
The results of our studies pe rmitted calculation of the yield of 
I-1 2 0 2 by UVA irrad iation of riboflavin . W hen equations l and 2 
were expressed in moles , the ratio of the slopes of the equation s wa 
1.528 X 34.02 (molecular weight of I-1 2 0 2 ) to 0.0688 X 376.36 
(molecular weight of r iboHavin) = 2.01:1, implying that one 
molecule of H 2 0 2 is gene rated by photodecomposition of two 
molecules of riboflavin. 
T he cytotoxicity ofUVA-irradiated tiboflavin solu tion was stable 
in PBS "'- at room tempe rature for at least 40 min, and it was almost 
completely aboli shed w he n treated with catalase. T he cytotoxicity 
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Figure 4. Survival of human skin fibroblasts in H 20 2 depends on 
H 2 0 2 concentration and time. Cells (e. N 220S; & . HV I OS: •. 
X P330S) at cloning densities were exposed to 1-1 2 0 2 solution of 0 to ·t 0- 2 
M for 8 (dot/Cilli11e) or 1 6 min (solid liue) . and their surviva l was measured by 
colony formati on. T he.! stand;n·d deviation bars for data points of only 
N22 OS ce lls arc shown for clarity. The standard devia tions for the data 
points of th e other ce ll strains were si1ni lar. 
of the UVA-irradiated riboflavin solution was close to that of the 
es timated concentration of H , O , in the irradiated solution. T hese 
observations strongl y suggest- th~lt the cytotoxicity of the UVA-
irr a diatcd t·iboflavul solu tion was de rived fi·om I-:1 2 0 2 generated in 
the solution . I-:12 0 2 may be degraded by g lutathione peroxidase 
w hen it enters ce lls [26l However, because in our experiments the 
num bers of cells p lated were very small and the pe riods of exposure 
of the irrad iated solu tion to ce ll s were short, the degradation of 
H 2 0 2 was probably negligible . H .. iboflavin photohemolysis has been 
reported not to be affected by catalase [27], a finding explained by 
the high pH and long incubation periods used in the reported 
experiments, beca use high pH makes I-:1 2 0 2 unstable. T he final 
pattem of absorption spectra of irradiated riboflavin was very 
similar to that of lumichrom e, which had slight cytotox icity 
(unpubli shed data), and thus may account for a small part of the 
cytotoxicity of UV A-irradiated riboflav in solution. 
Active oxygen species o ther than 1-120 2 ha ve so short a half-life 
cha t they act on ly where they arc produced. On the other hand, 
I-:12 0 2 is very stable, penetrates ce ll m embranes fi·ecly and moves fa r 
rrom its site of generation. 1-120 2 is not harmful by itself 11 ,2] but 
produces hyperreactive hydroxyl radica ls by the Fen ton reaction 
wh en it encounte rs such metal ions as Fe"· + and Cu + [28,29). 
Recent studies have demonstrated cellular DNA damage as a 
consequence of riboflavin photosensitization [30,3Jl. When human 
skin is exposed to sunlight, higher concentrations but smaller 
amounts of H 2 0 2 are produced inside ce lls (1.0 X 10 - 4 - 10- 5 M 
riboflavin) [32) and lower concentrations but larger amounts of 
H 2 0 2 are produced outside cells (0.5 X 10 - r. M) . T hu s, the specific 
ro le ofl-12 0 2 as well as of reactive oxygen species in general should 
be studied further in riboflavin photosensitization. 
Because pati ent 1-IVl OS with hydroa vacciniforme is sensiti ve to 
UV A radiation i11 11i11o [J 6) and because XP cells are sensitive to 
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active oxygen species [33), we used three types of cells to look for 
diffe ren ces in cywtoxicity, bur we did nor find any difference. 
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